Background and objectives Pulmonary hypertension is associated with higher mortality rates. The associations of nondialysis-dependent CKD and all-cause mortality in patients with pulmonary hypertension were studied.
Introduction
Pulmonary hypertension (PH) is a progressive, fatal pulmonary circulatory disease that accompanies left or right ventricular failure (1, 2) . The long-term complication that affects survival in this population is right ventricular dysfunction leading to right-sided heart failure. The interaction between PH, right ventricular failure, and kidney function has not been well studied. Several factors lead to the development and worsening of PH, and kidney dysfunction and volume overload are common occurrences in clinical practice that can lead to increased pulmonary artery pressure (PAP) (3, 4) . This decline in kidney function could be transiently related to hemodynamic changes during the treatment of volume overload associated with PH (5) . These hemodynamic changes could lead to CKD if the insults are persistent or the underlying disease continues to worsen.
The World Health Organization classifies PH into five classes. Class I includes idiopathic pulmonary arterial hypertension (PAH), class II includes PH associated with left heart disease, class III includes PH associated with lung disease, class IV includes chronic thromboembolic disease, and class V includes PH with unclear or multifactorial etiology (6, 7) . The most common cause of PH is left heart disease, including left-sided systolic dysfunction caused by ischemic and other cardiomyopathies with resultant volume overload (8, 9 ). An important and frequently underappreciated cause of PH is left-sided heart failure with a preserved ejection fraction (EF; with or without underlying diastolic dysfunction), and these conditions are often noted in CKD (10, 11) . In patients with PH, elevated mean right atrial pressure (RAP), decreased cardiac index, and elevated mean PAP (mPAP) were associated with a poor prognosis (3, 12) .
Recent data from a French registry and the United States-based Registry to Evaluate Early and LongTerm Pulmonary Arterial Hypertension Disease Management (REVEAL) have shed light on prognostic markers in patients with PH (13) . Specifically, in REVEAL, which included class I PH patients only, presence of renal insufficiency was associated with poor prognosis (14) . Because kidney disease in itself is a significant risk factor for death (15, 16) , it is of relevance to examine its effects in the PH population. Therefore, we aimed to study if the presence of preexisting nondialysis-dependent CKD is an independent risk factor for death in patients with varying etiologies of PH.
Materials and Methods

Study Population
We conducted this retrospective analysis using the preexisting PH registry at our institution. Patients who had higher PAP in echocardiogram were referred for the right heart catheterization procedure for additional risk stratification and confirmation of PH. We included 1141 adult patients with diagnosis of PH based on mPAP$25 mmHg at rest measured by right heart catheterization performed at our institution (17) between 1996 and January of 2011. Patients who were on chronic dialysis or who received a kidney transplant (n=14) at the time of right heart catheterization or patients who did not have two serum creatinine measures at the time of diagnosis (n=39) were excluded, thus leaving a total of 1088 patients for the final analysis.
Clinical and Laboratory Data
Data collection included recording of baseline demographic variables (age, sex, race, and body mass index [BMI]), comorbidites (hypertension, diabetes, and congestive heart failure), medications (including diuretics and renin-angiotensin blockers), exercise test, and laboratory measures (hemoglobin, albumin, BUN, creatinine, brain natriuretic peptide, sodium, potassium, and bicarbonate) at the time of right heart catheterization. Details relating to demographics, comorbid conditions, and laboratory data were obtained from medical records by chart review. eGFR was calculated using the simplified Modification of Diet in Renal Disease (MDRD) equation: 1753serum creatinine 21 Echocardiography and Right Heart Catheterization Data Data relating to EF and right ventricular systolic pressure from initial Doppler echocardiography on entry into the PH registry were collected. In addition, the following parameters from the right heart catheterization were also collected: central venous pressure, right ventricular systolic and diastolic pressure, right atrium mean pressure, pulmonary arterial systolic and diastolic pressure, mPAP, pulmonary capillary wedge pressure, cardiac output, and cardiac index.
Mortality Data
The primary outcome of interest was all-cause mortality, which was ascertained from our electronic medical record and linkage of our data with the Social Security Death Index. Patients were followed from their date of right heart catheterization to October 31, 2011.
Statistical Analyses
Descriptive statistics were calculated for the entire study population as well as stratified by eGFR group and expressed as mean6SD or median and interquartile range for continuous variables and n (%) for categorical variables. We compared patient characteristics across eGFR levels using ANOVAs or Kruskal-Wallis tests for continuous variables and chi-squared tests for categorical variables. To understand the relationship between PH and kidney function, we performed Spearman correlation analysis between eGFR and the PH indices of pulmonary vascular resistance, cardiac index, RAP, and 6-minute walk time. To assess the relationship between PAP/pulmonary capillary wedge pressure (PCWP) and CKD, we tested the interaction between CKD and the PCWP tertiles on PAP. Next, we performed multivariable logistic regression with eGFR,60 ml/min per 1.73 m 2 as the dependent variable to identify which of the following factors were associated with lower kidney function: age, sex, race, diabetes, hypertension, EF,40%, hemoglobin, albumin, mean RAP, pulmonary arterial diastolic pressure, PCWP, medications (diuretics and angiotensin-converting enzyme inhibitors/angiotensin receptor blockers), and PH classification. Confounding variables were selected based on their clinical relevance and previous predictors of mortality in the PH population. We used the HosmerLemeshow test to evaluate the fit of the logistic regression model.
Kaplan-Meier survival plots were used to evaluate the relationship between CKD stage and survival. We also used Cox proportional hazard models to investigate the association between eGFR and mortality while adjusting for age, sex, race, diabetes, hypertension, BMI, use of diuretics and angiotensin-converting enzyme inhibitors/angiotensin receptor blockers, albumin, hemoglobin, cardiac output, mPAP, mean RAP, PCWP, EF medications, and PH classification. We ran the Cox models using eGFR as both a categorical (as stages of CKD) and a continuous variable. We used the concordance index to evaluate the calibration of the model. Among 1088 patients, the following numbers of patients had missing data: BMI, n=19; albumin, n=13; hemoglobin, n=2; cardiac output, n=52; EF, n=96; mean RAP, n=53; mPAP, n=4; pulmonary arterial diastolic pressure, n=12; PCWP, n=23; and medications, n=14. To include all patients in the models regardless of missing covariate data, we used mean value imputation along with dummy indicators for missing data.
To evaluate whether the association between CKD and mortality was modified by other factors, we tested twoway interactions between CKD and each of the following variables: age.65 years, sex, race, diabetes, EF.45, RAP.10 mmHg, PCWP.15 mmHg, and PH classification (classes I and II only). In addition, we performed a test of interaction to see if kidney disease modifies the association between the severity of PH (PAP.50 mmHg and tertiles of PAP) and death. We plotted the results of these interaction tests regardless of statistical significance. A sensitivity analysis by defining CKD using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation was performed to confirm the results noted with the MDRD equation. In addition, we ran separate Cox models to study the associations between eGFR and death for those patients with classes I and II PH separately. All data analyses were conducted using Unix SAS version 9.2 (SAS Institute, Inc., Cary, NC) and R 3.0 (The R Foundation for Statistical Computing, Vienna, Austria). The PH registry and this study were approved by the Cleveland Clinic Institutional Review Board. Table 1 summarizes the baseline characteristics of the study cohort, which consisted of 1088 consecutive patients with PH. Mean age of the study cohort was 60615 years; 66% of the patients were women, and 81% of the patients were white. The frequencies of hypertension and diabetes were 47% and 26%, respectively. Mean serum creatinine was 1.0560.5 mg/dl, and eGFR was 72.2629 ml/min per 1.73 m 2 . mPAP of the entire cohort was 47614 mmHg. Among 1088 patients, 388 (36%) patients had evidence of CKD (340 [31%] patients had stage 3 CKD, and 48 [4%] patients had stage 4 CKD). Other clinical and right heart catheterization details are outlined in Tables 1 and 2 .
Results
Patient Characteristics
Association between eGFR and Other PH Measures
We did not find a significant correlation between eGFR and pulmonary vascular resistance (r=0.05; 95% confidence interval [95% CI], 20.01 to 0.11), cardiac index (r=0.03; 95% CI, 20.03 to 0.10), or 6-minute walk time (r=0.03; 95% CI, 20.04 to 0.10). There was a significant but mild negative correlation between eGFR and mean RAP (r=20.12; 95% CI, 20.18 to 20.06). We found an interaction between CKD and the PCWP tertiles on PAP (P=0.02). Among patients with CKD, PAP was higher in the highest tertile of PCWP, whereas this result was not seen in the non-CKD population (data not shown).
Risk Factors Associated with CKD in PH
In the multivariable logistic model, older age was associated with higher odds of having CKD (odds ratio per 10 years higher age, 1.69; 95% CI, 1.51 to 1.90) along with hypertension and higher mean RAP. However, presence of higher hemoglobin was associated with lower odds of CKD (odds ratio, 0.90; 95% CI, 0.84 to 0.96) ( Table  3) . Patients with classes II and IV PH had lower odds of having CKD compared with patients with class I PH. There was no evidence of lack of fit for this model (Hosmer-Lemeshow test, P=0.46).
Mortality
During a median follow-up of 3.2 years (interquartile range=1.5-5.6 years), 559 (51%) patients of the total cohort died. Kaplan-Meier survival estimates at 1 year were 86%, 78%, and 48% in those patients without CKD, with stage 3 CKD, and with stage 4 CKD, respectively (log rank P,0.001) (Figure 1 ). In the multivariable adjusted Cox proportional hazards model, presence of eGFR,60 ml/min per 1.73 m 2 was independently associated with mortality ( Table 4 ). The concordance index for this model was 0.70, suggesting that the model could predict which patients would survive longer in 70% of all eligible patient pairs. When eGFR was examined as a continuous variable, every 5 ml/min per 1.73 m 2 lower eGFR was associated with a higher hazard for death (hazard ratio, 1.05; 95% CI, 1.03 to 1.07). We did not find any significant interactions between CKD (eGFR,60 ml/min per 1.73 m 2 ) and age$65 years, sex, race, diabetes, EF,45, PCWP$15, mean RAP$10, or PH class (I and II) in those patients with PH, and the results among the subgroups were similar (Figure 2) . Similarly, presence of CKD did not seem to modify the associations between severity of PH and death.
Other factors that were associated with higher risk for death in PH (in the multivariate model) were age, men, lower hemoglobin and albumin, higher mean RAP and PAP, lower PWCP, and class III PH compared with class I PH ( Table 4) .
Sensitivity Analyses
We defined CKD using CKD-EPI equation, and the results remained qualitatively similar to the results obtained with the MDRD equation (data not shown) (18) . In addition, the associations between eGFR and death remained similar in those associations with classes I and II PH. Each 5 ml/min per 1.73 m 2 lower eGFR was associated with a 6% higher risk for death (95% CI, 1.03 to 1.09) in those patients with class I PH versus a 6% higher risk for death (95% CI, 1.02 to 1.11) in those patients with class II PH. A sensitivity analysis by not using imputation techniques was performed, and the results were qualitatively similar.
Discussion
PH and CKD are disease states associated with poor outcomes (13, 16, 19) . In this large cohort of patients with PH (based on right heart catheterization data), underlying CKD was highly prevalent. Older age, hypertension, and presence of elevated RAP were associated with kidney disease among PH patients. Furthermore, in PH, those patients with preexisting CKD were at higher risk for death, even after accounting for various confounding factors, including left ventricular function and PCWP.
Agarwal (20) reported that PH was prevalent among 38% of dialysis patients based on estimated pulmonary artery systolic pressure from echocardiogram and that its presence was associated with twofold higher risk for death in the dialysis population (20) . Recent systematic reviews studying PH in the kidney disease population highlighted several other studies addressing the higher prevalence and consequences of PH in both hemodialysis and peritoneal dialysis populations (21) (22) (23) . These reviews highlighted the lack of data relating to prevalence and effects of PH in those patients with nondialysis-dependent CKD (22) . Data from the REVEAL (including PAH patients alone) reported renal insufficiency to be present in 4% of the study cohort (24). Our data, which include all classes of PH, reveal a higher proportion of CKD in those patients with PH (36% in this study versus 4% in REVEAL). Similarly, Havlucu et al. (25) reported a PH prevalence rate of 39% (assessed using Doppler echocardiogram) among those patients with nondialysis-dependent CKD. Underlying muscle mass influences serum creatinine generation (and thus, eGFR), and patients with PH might have muscle wasting from chronic heart failure, thereby underestimating the kidney function. Thus, the presence of underlying kidney disease might be higher than what is noted in our study in those patients with PH. Shah et al. (26) reported that, among PH patients (n=500), higher serum creatinine was associated with higher death rates among those patients with RAP,10 mmHg. However, Shah et al. (26) did not notice significant associations in those patients with RAP.10 mmHg. Data from the REVEAL revealed that renal insufficiency (assessed at the time of enrollment of participants into the registry) was associated with an increased risk for death (hazard ratio, 1.90; 95% CI, 1.33 to 2.72) (14) . We have now provided data from a large cohort of patients who underwent right heart catheterization with varying etiology of PH. Even after adjusting for relevant confounding variables, including RAP, higher risk for death persisted for those patients with CKD, and this risk seemed to increase as the kidney function declined. Our subgroup analysis results further reinforce that the effects are consistent, irrespective of age, sex, and presence of other comorbidities. These results support the use of renal insufficiency in the REVEAL PAH risk score calculator (14) and consider it as a risk factor for death in those patients with other classes of PH. Future studies might examine whether categorization as moderate versus advanced kidney disease in such risk assessment tools might help us predict outcomes more precisely.
The observed associations in our study could be explained by the higher prevalence of diastolic dysfunction and volume overload (resultant pulmonary congestion) in those patients with mild to moderate CKD (10) . Although there were no correlations noted between other parameters, such as pulmonary vascular resistance, cardiac index, and 6-minute walk test, and kidney function, a mild correlation was observed with PCWP. In CKD, higher PAP was noted in those patients with higher PCWP. In addition, previous studies have speculated on the potential influence of uremic toxins, bone-mineral disorder, and endothelial dysfunction on outcomes among those PH patients who are on dialysis (23, 27, 28) . Particularly, these reports note that nitric oxide levels are reduced along with an attenuated release of nitric oxide in those patients on hemodialysis with PH. This result often leads to increased pulmonary vascular tone, which in turn, can promote arterial stiffness and adverse consequences. Whether such mechanistic pathways do prevail in those patients with earlier stages of CKD (thereby rendering higher mortality rates) is unknown and could be explored in CKD cohorts with longitudinal data relating to PH and left ventricular function.
CKD patients sustain pulmonary venous hypertension (class II PH) rather than PAH (class I PH) because of the higher prevalence of left heart disease resulting from coronary artery disease or diastolic dysfunction. Although the mean PCWP was higher in those patients with eGFR,60 ml/min per 1.73 m 2 than those patients with preserved kidney function, the risk for death seemed to be similar for those patients with PCWP greater than and less than 15 mmHg (reflective of underlying left heart disease) among patients with PH. These results also show that the presence of CKD might have similar effects on those patients with PAH and other forms of PH.
Our study has many strengths, including the use of the PH definition based on right heart catheterization data along with the availability of other hemodynamic parameters, appropriate definitions to categorize CKD, inclusion of patients with different categories of PH, and the ascertainment of left ventricular ejection fraction data from Doppler echocardiogram. However, this analysis does have some limitations, which include selection bias (because our PH registry includes patients who were referred to our tertiary care practice for additional intervention based on previous suspicion of PH) and ascertainment bias (because of the retrospective nature of the study). Because of the lack of blood and urine samples, we could not explore the mechanisms that might have contributed to these higher rates of death in those patients with CKD. Furthermore, this study (similar to any observational study) was adjusted for potential confounders, but we lacked details relating to socioeconomic data, functional status of the patients, and left ventricular mass index, which are factors that may contribute to mortality in PH (29, 30) . The Kidney Disease Outcomes Quality Initiative definition was used to define stages 3 and 4 CKD for this study's purposes, and patients who could have had underlying longstanding cardiorenal syndrome (for .3 months) could not be excluded. We also lacked urinary protein excretion details for the study population. Despite the models showing goodness of fit, the analysis is subject to residual confounding.
In summary, CKD was widely prevalent in those patients with PH, and the lower levels of kidney function are associated with an increased risk of death. Future studies should explore the mechanisms that might underlie these associations because they will eventually help us identify some potential therapeutic interventions for this high-risk population.
